Titanium dioxide (TiO2) surfaces doped with molybdenum (Mo) were investigated to determine if their photocatalytic ability could enhance process hygiene in the brewery industry. The ability of the TiO2-Mo surfaces to reduce the number of brewery microorganisms was examined with and without the application of a brewery soil (beer). Doping TiO2 with Mo showed a 5-log reduction in bacterial counts and a 1-log reduction in yeast.
Introduction
The photocatalytic properties of titanium dioxide (TiO2) are well documented (Fujishima et al. 2000; Foster et al. 2011) and its uses in the degradation of pollutants in water and air are well established (Fujishima & Honda 1972; Frank & Bard 1977) . Titanium dioxide is a semiconductor with a wide band gap (3.2 eV), which can be excited by ultraviolet (UV) irradiation (λ <380 nm). Photons with energy equal to or higher than its band gap can promote an electron from the valence band to the conduction band, producing electron-hole pairs. The photogenerated electrons react with molecular oxygen (O2) to produce superoxide radical anions (
• O2
C0e -mx = decay rate of methylene blue with no sample present C0e -cx = decay rate of methylene blue in contact with a photocatalytic coating
The decomposition of MB was assessed using an initial concentration of 0.105 mmol l -1 .
Annealed TiO2 and TiO2-Mo samples were placed in 10 ml of MB solution, which was irradiated at an integrated power flux of 4 mW cm 2 with 2 x 15 W 352 nm UV tubes (Black Ray, Cambridge, UK) or at an integrated power flux of 6.4 mW cm 2 with 2 x 15 W fluorescent tubes, of which the UV component (300 -400 nm) was 1.3 mW cm 2 . A 10 cm distance between the light source and MB solution was used and a UV/Vis spectrophotometer (PerkinElmer, UK) was employed to measure the absorbance peak height. Measurements were taken every hour over a total of 5 hours.
Using the above approach, photoactivity values were recorded for all the TiO2 and TiO2-Mo coatings and from those results, the optimal dopant level was identified. Samples
with that composition were then tested with soiling (20 µl dried on undiluted beer) and, following removal of the soil (swabbed clean with acetone, methanol, ethanol and distilled water), under UV and fluorescent light.
Antimicrobial activity

Microorganisms
Escherichia coli (ATCC 8739) was used as a model organism in the first instance.
Microorganisms isolated from brewery surfaces were obtained from VTT Culture Collection and included Pseudomonas rhodesiae E-031889, Serratia marcescens E-031888, and
Wickerhamomyces anomalus C-02470. E.coli, P.rhodesiae and S.marcescens were cultured on Nutrient agar (Oxoid, UK) and W. anomalus on YM agar (Difco, USA). Incubation was at 37
⁰C for E.coli, 30 °C for P.rhodesiae and S.marcescens and 25 °C for W. anomalus for 24 to 48 hours.
Light source
For the antimicrobial assays, surfaces were illuminated (wavelength range of 300-700 nm) in a cooled incubator (Gallenkamp, Loughborough, UK) fitted with six fluorescent lamps (Sylvania, Ontario, Canada) with an energy output of 6.4 mW cm 2 . The temperature was set at 20 °C.
Antimicrobial assay
Measurements of the antimicrobial activity of the TiO2-Mo photocatalytic surfaces were performed using ISO 27447 as guidance (with minor modifications). A single colony of each organism was placed in 10 ml Nutrient broth (Oxoid, UK) or YM broth (Difco, USA) for W.
anomalus and incubated for 18-24 hours at the appropriate temperature in a shaker incubator set at 150 rpm. Suspensions were centrifuged at 1560g for 10 minutes and cells were washed in Ringers solution (Oxoid, UK) prior to re-centrifugation. An optical density of 0.08 at 540 nm (Jenway 6305 Spectrophotometer) in Ringers solution was obtained and a 1:10 dilution performed prior to inoculating 50 µl onto the 2 × 1 cm surfaces (approx 10 5 cfu ml -1 ) contained within a petri dish. A 2 × 1 cm polyethylene film (Scientific Laboratory Supplies, UK) was placed over the bacterial suspension to ensure even distribution and the surfaces were placed in a tissue culture tray (Corning , UK) with the lid on and placed under fluorescent light set up in a 20 °C incubator under static conditions. Humidity was carefully maintained to avoid suspensions drying on the surface. At selected time points (0, 12, 24 and 48 hours), surfaces were removed and vortexed for 1 minute in neutralizing broth (20 g l -1 Soya Lectin (Holland and Barrett, UK) and 30 g l -1 Tween 80 (Sigma Aldrich, UK)) to remove attached bacteria (Caballero et al. 2010) . Bacteria remaining on the surface were diluted 1:10 in 0.9% NaCl (Fisher Scientific) as appropriate and 100µl plated and spread onto an appropriate pre poured agar plate. Colony counts were performed after overnight incubation. All tests were carried out in triplicate. Stainless steel was used as a light control and a set of coated surfaces were also kept in dark conditions to serve as further controls.
Tests were performed on TiO2-Mo coatings immediately after annealing and on coatings which had been soiled with either undiluted beer or diluted beer (10%). Beer used to simulate soiling was a pasteurised, commercial product. 20 µl of undiluted or beer diluted in sterile distilled water was dried onto the surfaces prior to the application of the 10 5 cfu ml -1 bacterial suspension and the effect of soiling on microbial numbers was examined over an irradiation period of up to 96 hours.
Minimum inhibitory concentration determination
In order to determine the minimum inhibitory concentrations (MICs) of Mo, an agar incorporation method was used (Wiegand et al. 2008 The annealed TiO2-6.95at% Mo coatings were analysed by XRD ( Figure 1 ) and Raman spectroscopy ( Figure 2 ). The XRD pattern showed the presence of the (1 0 1) anatase peak at 2θ = 25.4° and the (1 1 0) rutile peak at 2θ = 27.4° and several other minor peaks. The sample also showed the presence of some monoclinic β-titania. In contrast, the Raman spectrum showed only anatase peaks at 144, 389, 515 and 638 cm -1 . Based on these analyses, the assumption must be that the structure of the TiO2-6.95at% Mo coatings after annealing in air at 600°C is a mixed phase, anatase/rutile structure, but the relative proportions of each phase
were not determined.
Photocatalytic activity of soiled surfaces
Photocatalytic activity of the TiO2-Mo surface in the absence and presence of soiling (undiluted beer) and following removal of the soil were demonstrated via the degradation of MB (Table   2 ). Doping TiO2 with Mo considerably improved photoactivity under fluorescent light. The apparent increase in photoactivity of soiled surfaces under fluorescent irradiation will require further investigation. Following cleaning to remove the soil prior to assessing photocatalytic activity, a slight decrease in PaUV and PaFL values was observed.
Antimicrobial activity
The antimicrobial activity demonstrated by the TiO2-Mo surfaces was investigated against E.coli and the brewery organisms; P.rhodesiae, S.marcescens and W.anomalus. The TiO2-Mo coated surface proved effective against the model organism E.coli with counts from an unsoiled surface reducing to below the limit of detection (<10 cfu ml -1 ) within 1-4 hours ( Figure 3 ). P. rhodesiae ( Figure 4a ) counts were also reduced to <10 cfu m -1 and S. marcescens (Figure 5a) to <15 cfu ml -1 within 24 hours. Further tests need to be conducted against P. rhodesiae and S.
marcescens to investigate the rate of kill over shorter irradiation times. W. anomalus ( Figure   6a ) counts at 72 hours were reduced by 1 log to >10 3 cfu ml -1 . The presence of brewery soil in the form of undiluted beer on the TiO2-Mo surfaces reduced the antimicrobial effectiveness, and growth of all brewery organisms rather than inhibition was seen ( 
Minimum inhibitory concentration determination and Molybdenum ion release by inductively coupled plasma atomic emission spectroscopy
Minimum inhibitory concentrations showed that E.coli, P.rhodesiae and S.marcescens were more susceptible to Mo than W.anomalus (Table 3) . Inductively coupled plasma atomic emission spectrometry was used to detect Mo ion release from the thin film coating over a duration of 7 days ( Figure 7 ). An initial burst of Mo ions (0.73 ppm) over the first 2 hours was recorded followed by a sudden decline and then a steady low concentration release. The low concentration of Mo ions (<0.04 ppm) being released after the initial 48 hours suggests that
Mo is retained on the surface and is not readily leachable.
Discussion
The development of novel functional surfaces could play an important role in aiding the reduction of microbial contamination within the brewing industry. It is well known that microbial numbers decrease when in contact with a TiO2 surface which has been illuminated with UV light. For example, Kikuchi et al. (1997) , found a suspension of E. coli (3 × 10 4 cfu ml -1 ) deposited onto TiO2 coated glass was eradicated within 1 hour of exposure to UV light (1 mW cm -2 ). The potential of such photoactive surfaces may not only help prevent the build up of microbial numbers during long production runs but also reduce the cleaning costs to the beverage industry in terms of production stoppages and consumption of energy, water and chemicals (Priha et al. 2011 ). This would be beneficial economically, environmentally and also in terms of reducing human exposure to harsh chemical disinfection regimes. The continually acting nature of the surface could also make the brewing industry surfaces more efficient since microbial loads may be lower when in use compared to a non bioactive surface, which in turn could improve beer quality. The use of UV lighting in indoor environments can, however be hazardous but in this work by doping TiO2 with Mo, activity using fluorescent lighting was The antimicrobial effect of the TiO2-Mo photocatalytic coatings were first tested using E.coli as a model organism. Since counts were reduced to <10 cfu ml -1 within 1-4 hours, tests were performed to look at the effect on brewery organism numbers. Within 24 hours of irradiation under fluorescent light, P. rhodesiae and S. marcescens counts decreased by 5-logs.
Longer irradiation times were investigated to establish if complete bacterial kill could be achieved. W. anomalus counts after longer fluorescent light exposure (72 hours) were >10 3 cfu ml -1 ; however this was 1-log less than the non-antimicrobial surface. The fact that higher numbers of yeast remained attached to the surface could be due to differences in the cell wall structure and the larger size and increased complexity of a eukaryotic cell which could make them more resistant in nature to oxidative agents, compared to bacterial cells and more resistant to killing. It was also noted that the Mo MIC for W. anomalus was considerably higher than for the bacterial strains used. The TiO2-Mo surfaces were also active in the dark. This suggests that the coating could have a dual function, being both photoactive and antimicrobial. As the TiO2-Mo surfaces were also active in the dark, it was difficult to distinguish whether photocatalysis or the innate antimicrobial nature of the Mo had the greatest effect on reducing microbial numbers on the unconditioned surfaces. To therefore suggest that organisms remaining viable on the conditioned surfaces because of soil blocking the light cannot be validated without further studies, since microbial numbers also failed to decline on the conditioned surfaces in the dark. Fujishima et al. (2000) , state that photocatalysts are not especially useful at breaking down large volumes of soilage, but they are capable of destroying it as it accumulates. The heavy dried on soil may therefore have been too great for photocatalysis to have had a significant effect on microbial numbers and therefore inappropriate for the intended application.
In a study by Yasuyuki et al. (2010) , metals including titanium and molybdenum were tested for their antibacterial properties against two bacterial strains using a film contact method.
The results showed titanium did not exhibit antibacterial properties, but molybdenum did. TEM images showed that metal accumulation resulted in the disruption of the bacterial cell wall and other cellular components. In terms of the innate antimicrobial ability of molybdenum, the soil could also have prevented bacteria from coming into close contact with the surface and retarded A similar study carried out by Priha et al. (2011) to determine whether process hygiene in the beverage industry could be improved by applying TiO2 to stainless steel with or without added antimicrobial compounds was investigated in laboratory attachment tests and in a 15-month process study. Photocatalytic coatings containing silver (Ag) reduced microbial coverage in laboratory studies and in some process samples, but some of the TiO2 coatings were damaged and most of the precipitated Ag had dissolved. From the TiO2-Mo coatings, an initial burst of Mo ions followed by a decline to low steady state concentrations (< 0.04 ppm)
was revealed. The lack of leaching of Mo ions from the surface would be of benefit in process trials, and it would that ensure undesirable chemicals would not reach the end product.
Investigations to enhance the hygienic status of process surfaces in the brewing industry by application of the TiO2-Mo coatings in comparison with stainless steel are underway.
In conclusion, the study highlights the development of a functional surface consisting of a thin film coating of TiO2 doped with Mo deposited by magnetron sputtering, for use in enhancing the hygienic status of surfaces in environments where microbial fouling and surface conditioning is likely. The photocatalytic and discovery of the innate antimicrobial nature of the surface proved to significantly reduce microbial numbers even with the application of a dilute brewery soil. In addition to the exploitation of functional surfaces that may reduce fouling, the importance of regular cleaning still needs to be highlighted. Nevertheless, the surface may act as a secondary level defence against microbial populations and proliferation between disinfection/cleaning cycles. Ongoing brewery process studies will provide more information on the hygienic status of TiO2-Mo compared to stainless steel and investigations into developing a photoactive but not innately antimicrobial surface are underway. 
Escherichia coli 2 -3
Pseudomonas rhodesiae 2 -3
Serratia marcescens 2 -3
Wickerhamomyces anomalus 10 -15 were used as controls and light and dark conditions were investigated. The assay was performed in triplicate and each point represents the mean with standard deviation (SD). SD may not be visible at every point as they were very small 
